We applied an adaptive genetic algorithm (AGA) to search for low-energy crystal structures of Fe3S. A number of structures with energies lower than that of the experimentally reported Pnma and I-4 structures have been obtained from our AGA searches. These low-energy structures can be classified as layer-motif and column-motif structures. In the column-motif structures, Fe atoms self-assemble into rods with a bcc type of underlying lattice, which are separated by the holes terminated by S atoms. In the layer-motif structures, the bulk Fe is broken into slabs of several layers passivated by S atoms. Magnetic property calculations showed that the column-motif structures exhibit reasonably high uniaxial magnetic anisotropy. In addition, we examined the effect of Co doping to Fe3S and found that magnetic anisotropy can be enhanced through Co doping. 
I. Introduction
Permanent magnetic material is one of the primary functional materials in computers, motors and generators, medical equipment etc. Neodymium-iron-boron (Nd2Fe14B) and samarium-cobalt (SmCo5) are the well-known high performance magnets, which have been widely studied and used due to their high coercivity and energy product [1] . These permanent magnets can create a strong magnetic field without the continuous expenditure of electricity and maintain its field in the presence of reverse field, high temperature, and harsh environment. However, taking into account the limited rare-earth resources and the increasing use of rare-earth for both power generation and traction motor applications, especially for the electric vehicles, the cost and supply of rare-earth have become a major issue. Exploring new rare-earth-free permanent magnets would be one of the strategies to solve this global challenging problem. Recently, several rare-earth-free materials including Fe-Co-(B, N, C) [2] [3] [4] [5] [6] [7] , FePt/CoPt [8] , Zr2Co11 [9] [10] [11] [12] , MnBi [13] , and Fe2P [14] have attracted much attention as potential permanent magnet materials. However, compared to rare-earth permanent magnets, coercivity and energy product of these rare-earth-free permanent magnets are still far behind. More effort is desirable in searching for new rare-earth-free permanent magnets with better magnetic properties.
In this paper, we report our study on iron sulfides to explore new phases that can potentially make good magnet. Fe is one of the abundant elements on earth and exhibit large magnetic moment. However, pure Fe metal prefers body-centered cubic (bcc) structure with zero magnetocrystalline anisotropy energy (MAE). The bcc symmetry of Fe can be broken by forming compounds with other light elements [15] thus the MAE can be improved while maintaining high magnetic moment. Experimentally, Fe3S with cementite-type structure has been synthesized and shown to exhibit high magnetic moment. As a Fe-rich compound, other stable or metastable phases of Fe3S would be worth investigating.
Using adaptive genetic algorithm (AGA) [16] , we have performed global search for low-energy structures of Fe3S. A number of structures with energies lower than that of the experimentally reported Pnma and I-4 structures have been obtained. These lowenergy structures can be classified as layer-motif structures and column-motif structures.
In particular, the column-motif structures in which Fe atoms are self-assemble into rods with bcc-like lattice separated by holes passivated by S atoms exhibit reasonably high uniaxial magnetic anisotropy. We also found that Co doping could enhance the magnetic anisotropy of Fe3S.
II. Computational Methods
In AGA scheme, auxiliary classical potentials are employed to explore structural phase space, while the parameters of auxiliary classical potentials are adaptively adjusted to reproduce energies and forces from first-principles calculations on the structures selected from the GA search. At each adaptive iteration, first-principles calculations were performed on a small set of low energy candidate structures obtained from the GA search using the auxiliary interatomic potential from the previous iteration, then energies, forces and stress of these structures from the DFT calculations are used to update the parameters of auxiliary classical potentials for next iteration. In our AGA searches, up to 4 formula units were considered in the simulation cells for each composition. The searches were carried out at zero pressure, and energy was used as the selection criteria for optimizing the candidate pool. The initial atomic positions of the Fe atoms and S atoms were randomly generated without any assumptions on the Bravais lattice type and unit cell dimensions. The structure poll size Np in our present GA search is 64. At each GA generation, the structures in the pool are updated according the energetic competition between the structures in the pool and the newly generated structures (i.e., the offspring), and 64 lower-energy structures are kept in the pool. The structure search with a given auxiliary interatomic potential said to be "converged" when the lower-energy 64 structures in the population pool remains unchanged in 800 consecutive generations. Then, 25% of the structures from the converged GA pool (i.e., 16 structures) are randomly selected for first-principles calculations in order to re-fit the potential parameters in the adaptive loop. We adopted Embedded Atom Method (EAM) formalism for the interatomic potentials to perform the AGA searches [17] . Morse potentials were used to describe the pair interactions (Fe-Fe, Fe-S and S-S) in the EAM potentials with three fitting parameters each (D, α, r0). An exponential decaying function with two adjustable parameters (α, β) was used as the density function for each element, and the form proposed by Banerjea and Smith [18] was used as the embedding function, which also has two adjustable parameters (F0, γ). At each adaptive iteration, first-principles DFT calculations were performed on 16 lowenergy structures randomly selected from the "converged" GA pool obtained by the auxiliary interatomic potential from the previous iteration. The energies, forces, and stresses from the DFT calculations on these 16 structures are used to update the parameters of the auxiliary classical potential for next round of GA search. Such adaptive iterations are repeated 40 times in our AGA search. Finally, the ground-state structure and low-energy metastable structures of Fe3S were determined by fully relaxing the candidate structures selected from all iterations in the AGA searches which have energy lower than a given threshold value in the first-principles calculations. Finally the ground-state structure and low-energy metastable structures of Fe3S were determined by fully relaxing the candidate structures selected from all iterations in the AGA searches which have energy lower than a given threshold value in the first-principles calculations.
The first-principles calculations were performed using the projector-augmented wave (PAW) method [19] with plane wave basis set, as implemented in the VASP [20, 21] . The exchange-correlation energy functional was treated within the spin-polarized generalized gradient approximation (GGA) of the Perdew-Burke-Ernzerhof (PBE) [22] . Wave functions are expanded in plane waves up to a kinetic energy cut-off of 400 eV. Brillouinzone integrations were performed using the special k-point sampling scheme of 
III. Results and discussions

A. Structures and magnetic properties of Fe3S compounds
The energies and volumes of all the low-energy structures obtained from our AGA searches are plotted in polyhedra. In addition, we also consider another experimentally observed structure (i.e., the I-4 structure), which is a tetragonal structure with space group #82. The lattice parameters are a = 9.11 Å, b = 9.11 Å, c = 4.35 Å, respectively and the energy is comparable to that of the Pnma structure. However, in the I-4 structure, each S atom has 9
Fe neighbours. Compared to the experimental Pnma structure and I-4 structure, the lowenergy structures predicted by our AGA searches are totally different. In the columnmotif structures, Fe atoms self-assemble into rods with bcc-like lattice separated by holes passivated by S atoms as shown in Fig.2 (a-d) . The column-motif structures can be further classified into four different types of configurations. The differences between these structures are the shape and size of the holes. As shown in Fig.2 , the structure in (a)
consists of an array of bcc-like Fe rods well separated by the holes, while in (b) (c) and (d) the holes are bigger and extended into the Fe rods, forming a zigzag structure.
Compared to the structure in Fig. 2(a) , the distribution of the holes in Fig.2(c) is staggered. In the layer-motif structures, the bulk bcc Fe structure is broken into slabs of several layers separated by S layers as shown in Fig.2 (e-h) . Similar to the column-motif structures, the layer-motif structures can also be different in details. As can be seen in Fig.2 , the structures in (f), (g) and (h) are very similar, but the arrangements of the bcclike Fe atoms are different. The most uniform one is in Fig. 2(a) , all the bcc-like Fe slabs are well separated by S layers.
We have also performed first-principles calculations to study the magmatic properties of the Fe3S structures obtained from our AGA searches. As shown in Fig.1 , all the structures that have energy lower than that of the experimental Pnma structure also exhibit higher magnetic moments larger than 1.6 µB per atom (shown in red). Only a small fraction of structures that have energy higher than that of the Pnma phase exhibits lower magnetic moments smaller than 1.6 µB per atom (shown in blue). The calculated magnetic moments and magnetic anisotropy energy of both the low-energy layer-motif structures and column-motif structures are marked out in Fig.2 . It can be seen that the magnetic moment of Fe atoms approaches 2.19 µB/Fe atom, which is higher than that of the Pnma phase. The magnetic anisotropy energy is strongly dependent of the details of the structure. In low symmetry structures, alignment of magnetic moment in different symmetric axis will have different energy with respect to that along the "easy axis".
Therefore, the MAE is not a single number in such systems. In our calculations, we calculate total energy for alignment of magnetic moment along a, b, c axes and several other directions according to the symmetry of the structure to find out the easy axis. The suggesting that these structures can be potential candidates for rare-earth-free permanent magnetic applications.
We note that all the Fe3S structures, including the experimental Pnma and I-4 structures, discussed above are metastable structures if we place these structures in a convex hull with respect to the energies of the pure Fe and S phases. In Fig.3 , the formation energies of the experimentally reported FeS2, FeS, and Fe3S structures and those of the low-energy Fe3S structures obtained from our AGA searches are plotted with respect to that of pure bcc Fe crystal and pure S P21/c structure. As can be seen from structures by 163 meV/f.u. and 155 meV/f.u., respectively. Therefore, there is a high chance that the new structures predicted by our present AGA search can be synthesized by experiments through non-equilibrium processing techniques.
B. Effects of Co substitution
Co exhibits better performance on coercivity and Curie temperature than Fe. Thus, we further investigate Co substitution effect on the stabilities and magnetic properties of MAEs of Fe3-xCoxS are plotted in Fig. 4(b) , where the results are shown for several lowenergy structures with high symmetry at each composition. As can be seen from Fig. 4(b) ,
Co substitution decreases the average magnetic moments of the system as expected.
Magnetic anisotropy as the function of Co substitution is also shown in Fig. 4(b) . While 
IV. Conclusions
In summary, new rare-earth-free permanent magnets with better magnetic properties in iron sulfides and Co-substituted iron sulfides are explored using adaptive genetic algorithm and first-principles calculations based density function theory. New structures of Fe3S are found to have lower energies than previously discovered by experiment.
These low-energy structures can be classified as layer-motif structures and column-motif structures. Some structures exhibit reasonably high uniaxial magnetic anisotropy, reaching as high as ~1 MJ/m 3 based on first-principles density functional calculation. We also successfully predict the experimental Pnma phase of Fe3S by our AGA searches.
Through first-principles calculations we also demonstrated that the magnetic anisotropy of the Pnma phase of Fe3S can be improved by substituting a fraction of Fe with Co. Our theoretical predictions provide useful insights for further exploring more new promising rare-earth-free magnets. While our present study has been focused on exploring the lowenergy structures of Fe3S single crystalline compounds and their intrinsic magnetic properties, studies on pressure, strain, and temperature dependence of structure stability and magnetic properties, as well as micro-magnetic calculations for the estimation of other magnetic properties such as coercivity, remanence, shape of M-H loop etc. will also be important and valuable and will be interesting subjects of further studies. Table 1 ) and (e)-(h) layer-motif structures (corresponding to Layer 1-4 structures listed in Table 1 ). (i) Pnma phase. 
